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(57) ABSTRACT

A system may be provided for inspecting a first internal
characteristic of a sealed article such as a lithium-ion battery.
The system may include an X-ray source, one or more X-ray
detectors, one or more actuators that control the location on
the article at which the X-rays are emitted, and a processing
apparatus that receives X-ray detection data from the one or
more X-ray detectors. The processing apparatus may use the
X-ray detection data to form an X-ray backscattering image
that shows the first internal characteristic. The first internal
characteristic may be an electrolyte level within the lithium-
ion battery or a material consistency within the lithium-ion
battery.

22 Claims, 5 Drawing Sheets

10

A\

28




U.S. Patent Sep. 8, 2015 Sheet 1 of 5 US 9,128,030 B1

17

Figure 1



U.S. Patent Sep. 8, 2015 Sheet 2 of 5 US 9,128,030 B1

—

26

Figure 2



U.S. Patent Sep. 8, 2015 Sheet 3 of 5 US 9,128,030 B1

10

—
12 76 4
]
\
L/) / \
2 ¢ E
) 46 <7
50 %

Figure 3



U.S. Patent

99

Sep. 8, 2015

Sheet 4 of 5

80

82

Position X-ray source

"‘\_/84

v

Position X-ray
detector(s)

"'\/86

v

Emit X-rays to first
tocation

"'\/88

v

Detect X-ray
backscatter

"\/90

v

P Adjust X-ray emission

"\/92

v

Emit X-rays to
different location

v

Detect X-ray
backscatter

Scan complete?

US 9,128,030 B1

97

~J

Create X-ray
hackscatter image

l

98

ayi

Analyze X-ray
backscatter image

Figure 4



U.S. Patent Sep. 8, 2015 Sheet 5 of 5 US 9,128,030 B1

100

104

Figure 5



US 9,128,030 B1

1
X-RAY BACKSCATTERING BATTERY
INSPECTION

CROSS-REFERENCE TO RELATED
APPLICATION

This patent application claims the benefit of U.S. Provi-
sional Patent Application No. 61/773,742, filed Mar. 6, 2013,
which is incorporated herein by reference.

FIELD

This disclosure relates to systems and methods for inspect-
ing the internal characteristics of an enclosed article, and
more particularly, to the use of X-ray backscattering tech-
niques to determine whether the internal components of an
article are sound by creating an X-ray backscattering image
of the article.

BACKGROUND

Many articles exist that maintain a generally airtight or
hermetic seal, or at least remain in an enclosure, in order to
function properly. It may be desirable to test the internal
characteristics of such an article, such as material consis-
tency, fluid levels, and the like, to determine whether the
article is to be replaced and/or repaired. According to con-
ventional methods, the article may be subjected to more inva-
sive tests.

Such methods may run the risk of rendering the article unfit
for its intended purpose. Further, such methods may be
expensive and/or difficult to carry out. It may be desirable to
engage in periodic examination of the internal characteristics
of the article, but repeated performance of such testing may
multiply the expense and/or inconvenience.

One type of article for which examination of internal char-
acteristics may be desired is a battery, or more specifically, a
lithium-ion battery. Lithium-ion batteries may generally
maintain a hermetic seal in order to operate properly. Addi-
tionally, the batteries may contain electrolytes and other
materials that can degrade under the stresses of operation,
particularly in the context of aviation. Such stresses may
include ambient pressure cycles if the batteries are positioned
in an unpressurized part of the aircraft. Additionally, such
stresses may include dramatic temperature cycles and/or duty
cycles as the aircraft’s electrical components are activated
and deactivated. Such batteries may be important for the
operation of the aircraft’s electrical systems.

Accordingly, it is desirable to regularly check the internal
characteristics of such batteries. It is further desirable for the
testing method used to be non-destructive so that batteries
that have passed the test may be readily re-used. Further, it is
desirable for the testing method to be rapidly and inexpen-
sively carried out. Yet further, it is desirable for the testing
method to be reliable and accurate so that faulty batteries can
be easily detected and repaired and/or replaced

SUMMARY

The subject matter of the present application has been
developed in response to the present state of the art, and in
particular, in response to the problem of, and the desire to test
articles, such as aircraft batteries, for seal integrity. Accord-
ingly, the subject matter of the present application has been
developed to provide an apparatus, system, and method for
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2

optically testing the seal integrity of an article, that overcome
atleast some of the above-discussed shortcomings of prior art
techniques.

According to one embodiment, a system may include an
X-ray source positioned to emit X-rays to a first location on an
article of which at least a first internal characteristic is to be
inspected. The system may also include a first actuator
coupled to at least one of the X-ray emitting apparatus and the
article to cause the X-ray emitting apparatus to emit X-rays to
a second location on the article. The system may further
include a first X-ray detector positioned to detect backscat-
tering of the X-rays from the first location and the second
location, and a processing apparatus connected to receive
X-ray detection data from the first X-ray detector. The pro-
cessing apparatus may use the X-ray detection data to form an
X-ray backscattering image indicting X-rays backscattered
from the first location and the second location. The X-ray
backscattering image may show the first internal characteris-
tic.

The article may be a lithium-ion battery. The first internal
characteristic may be selected from the group consisting of an
electrolyte level within the lithium-ion battery, and a material
consistency within the lithium-ion battery.

The system may further include a second actuator coupled
to atleast one of the X-ray emitting apparatus and the lithium-
ion battery to cause the X-ray emitting apparatus to emit
X-rays to a plurality of additional locations on the lithium-ion
battery. The first location, the second location, and the plu-
rality of additional locations may cooperate to define a grid
covering at least a portion of a surface of the lithium-ion
battery that faces the X-ray source.

The first actuator may be a shield positioned at least par-
tially between the X-ray source and the lithium-ion battery.
The shield may have a first aperture, and may be movable
along an aperture motion direction relative to the X-ray
source to position the first aperture at a first position in which
X-rays emitted by the X-ray source pass through the first
aperture along a first vector, and a second position in which
the X-rays emitted by the X-ray source pass through the
aperture along a second vector.

The second actuator may urge relative motion between the
lithium-ion battery and the X-ray source along an actuation
direction. The actuation direction may be substantially per-
pendicular to the aperture motion direction.

The system may further have a second X-ray detector posi-
tioned to detect backscattering of the X-rays from the first
location and the second location. The X-ray source may be
positioned generally between the first detector and the second
detector. The processing apparatus may be a computing sys-
tem programmed to analyze the X-ray backscattering image
and, based on results of analyzing the X-ray backscattering
image, indicate to a user at least one of the electrolyte level,
and the material consistency. The X-ray backscattering image
may further show a second internal characteristic that is the
other of the group consisting of the electrolyte level within the
lithium-ion battery, and the material consistency within the
lithium-ion battery.

According to one embodiment, a method may include posi-
tioning an X-ray source proximate an article of which at least
a first internal characteristic is to be inspected, positioning a
first X-ray detector proximate the article, emitting X-rays
from the X-ray source to a first location on the article, detect-
ing backscattering of the X-rays from the first location with
the first X-ray detector, receiving X-ray detection data from
the first X-ray detector in a processing apparatus, and using
the X-ray detection data to form an X-ray backscattering
image indicting X-rays backscattered from the first location
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and the second location. The X-ray backscattering image may
show the first internal characteristic.

The article may be a lithium-ion battery. The first internal
characteristic may be selected from the group consisting ofan
electrolyte level within the lithium-ion battery, and a material
consistency within the lithium-ion battery.

The method may further include, after emitting the X-rays
from the X-ray source to the first location, using a first actua-
tor to cause the X-ray emitting apparatus to emit X-rays to a
second location on the lithium-ion battery. The first actuator
may be coupled to at least one ofthe X-ray emitting apparatus
and the lithium-ion battery.

The method may further include using a second actuator
coupled to at least one of the X-ray emitting apparatus and the
lithium-ion battery to cause the X-ray emitting apparatus to
emit X-rays to a plurality of additional locations on the
lithium-ion battery. The first location, the second location,
and the plurality of additional locations may cooperate to
define a grid covering at least a portion of a surface of the
lithium-ion battery that faces the X-ray source.

The actuator may be a shield positioned at least partially
between the X-ray source and the lithium-ion battery. The
shield may have a first aperture. Using the first actuator to
cause the X-ray emitting apparatus to emit X-rays to the
second location on the lithium-ion battery may include mov-
ing the shield along an aperture motion direction relative to
the X-ray source to position the first aperture at a second
position in which the X-rays emitted by the X-ray source pass
through the aperture along a second vector oriented toward
the second location. Using the second actuator to cause the
X-ray emitting apparatus to emit X-rays to a plurality of
additional locations may include urging relative motion
between the lithium-ion battery and the X-ray source along an
actuation direction substantially perpendicular to the aperture
motion direction.

The method may further include detecting backscattering
of the X-rays from the first location and the second location
with a second detector. The X-ray source may be positioned
generally between the first detector and the second detector.

The processing apparatus may be a computing system. The
method may further include analyzing the X-ray backscatter-
ing image with the computing system, and, based on results of
analyzing the X-ray backscattering image, indicating to auser
at least one of the electrolyte level, and the material consis-
tency. The X-ray backscattering image may further show a
second internal characteristic that is the other of the group
consisting of the electrolyte level within the lithium-ion bat-
tery, and the material consistency within the lithium-ion bat-
tery.

A system according to one embodiment may include an
X-ray source positioned to emit X-rays along a first vector to
a first location on a lithium-ion battery of which at least a first
internal characteristic is to be inspected. The system may
further include a first actuator coupled to at least one of the
X-ray emitting apparatus and the lithium-ion battery and a
second actuator coupled to at least one of the X-ray emitting
apparatus and the lithium-ion battery. The second actuator
may cooperate with the first actuator to cause the X-ray
source to emit X-rays to a plurality of locations on the
lithium-ion battery. The plurality of locations may define a
grid covering at least a portion of a surface of the lithium-ion
battery that faces the X-ray source. The system may further
include a first X-ray detector and a second X-ray detector. The
first and second X-ray detectors may cooperate to detect
backscattering of the X-rays from the plurality of locations.
The system may further include a processing apparatus con-
nected to receive X-ray detection data from the first and
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second X-ray detectors. The processing apparatus may use
the X-ray detection data to form an X-ray backscattering
image indicating X-rays backscattered from the plurality of
locations. The X-ray backscattering image may show the first
internal characteristic. The first internal characteristic may be
selected from the group consisting of an electrolyte level
within the lithium-ion battery, and a material consistency
within the lithium-ion battery.

The first actuator may be a shield positioned at least par-
tially between the X-ray source and the lithium-ion battery.
The shield may have a first aperture, and may be movable
along an aperture motion direction relative to the X-ray
source to determine a vector at which X-rays emitted by the
X-ray source pass through the first aperture. The second
actuator may urge relative motion between the lithium-ion
battery and the X-ray source along an actuation direction
substantially perpendicular to the aperture motion direction.

The processing apparatus may be a computing system pro-
grammed to analyze the X-ray backscattering image and,
based on results of analyzing the X-ray backscattering image,
indicate to a user at least one of the electrolyte level, and the
material consistency. The X-ray backscattering image may
further show a second internal characteristic that is the other
of the group consisting of the electrolyte level within the
lithium-ion battery, and the material consistency within the
lithium-ion battery.

The described features, structures, advantages, and/or
characteristics of the subject matter of the present disclosure
may be combined in any suitable manner in one or more
embodiments and/or implementations. In the following
description, numerous specific details are provided to impart
athorough understanding of embodiments of the subject mat-
ter of the present disclosure. One skilled in the relevant art
will recognize that the subject matter of the present disclosure
may be practiced without one or more of the specific features,
details, components, materials, and/or methods ofa particular
embodiment or implementation. In other instances, addi-
tional features and advantages may be recognized in certain
embodiments and/or implementations that may not be present
in all embodiments or implementations. Further, in some
instances, well-known structures, materials, or operations are
not shown or described in detail to avoid obscuring aspects of
the subject matter of the present disclosure. The features and
advantages of the subject matter of the present disclosure will
become more fully apparent from the following description
and appended claims, or may be learned by the practice of the
subject matter as set forth hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the advantages of the subject matter may be
more readily understood, a more particular description of the
subject matter briefly described above will be rendered by
reference to specific embodiments that are illustrated in the
appended drawings. Understanding that these drawings
depict only typical embodiments of the subject matter and are
not therefore to be considered to be limiting of its scope, the
subject matter will be described and explained with addi-
tional specificity and detail through the use of the drawings, in
which:

FIG. 1is a perspective view that illustrates an article in the
form of a lithium-ion battery;

FIG. 2 is a schematic view that illustrates a system for
inspecting the internal characteristics of an article, according
to one embodiment;
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FIG. 3 is a side elevation view of the system of FIG. 2,
illustrating emission of X-rays at a second location on the
article;

FIG. 41s aflowchart illustrating a method for inspecting the
internal characteristics of an article through the use of a
system such as that of FIGS. 2 and 3; and

FIG. 5 is arepresentation of an X-ray backscattering image
that, by way of example, may be produced with the system of
FIGS. 2 and 3.

DETAILED DESCRIPTION

Reference throughout this specification to “one embodi-
ment,” “an embodiment,” or similar language means that a
particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one
embodiment of the present disclosure. Appearances of the
phrases “in one embodiment,” “in an embodiment,” and simi-
lar language throughout this specification may, but do not
necessarily, all refer to the same embodiment. Similarly, the
use of the term “implementation” means an implementation
having a particular feature, structure, or characteristic
described in connection with one or more embodiments of the
present disclosure, however, absent an express correlation to
indicate otherwise, an implementation may be associated
with one or more embodiments.

Referring to FIG. 1, a perspective view illustrates an article
12 in the form of a generalized lithium-ion battery, the inter-
nal characteristics of which may beneficially be tested. The
lithium-ion batteries may be of a type commonly used in
vehicles such as airplanes (not shown).

The article 12 may have an enclosure that encapsulates and
protects its components. The enclosure may take the form of
ahousing 14 that generally maintains a hermetic seal relative
to the environment surrounding the article 12. The housing 14
may contain an anode 15 and a cathode 16, each of which may
be formed of parallel plates of a conductive material. The
anode 15 and the cathode 16 may be exposed to an electrolyte
17 and a lithium material that cooperate to promote the trans-
port of lithium ions across a separator 18 from the anode 15 to
the cathode 16. The result of such transport may be the gen-
eration of a potential across the anode 15 and the cathode 16,
which may be applied to a load (not shown) such as vehicle
circuitry, or more specifically, aircraft circuitry.

Various characteristics of the article 12 may be assessed to
help determine that the article 12 is functioning properly. For
example, the anode 15, cathode 16, and/or electrolyte 17 may
be isolated from ambient moisture and/or air in order to
function properly. Thus, the hermetic seal of the housing 14
may be important to the proper functioning of the article 12.
Additionally, the level of the electrolyte 17 within the housing
14 and the consistency of the lithium material may also be
important factors in the operation of the article 12. All of these
characteristics of the article 12 may beneficially be tested on
a regular basis to ensure that the article 12 is functioning
properly.

Referring to FIG. 2, a schematic view illustrates a system
10 for inspecting the internal characteristics of an article 12
such as the lithium-ion battery shown in FIG. 1. The system
may include an X-ray emitting apparatus 22, a first detector
24, a second detector 26, a processing apparatus 28, and an
actuator 30.

In general terms, the X-ray emitting apparatus 22 may emit
a focused beam of X-rays toward the article 12. The X-rays
may either pass through the article 12 or reflect back (e.g.,
backscatter) from it, depending on the X-ray opacity of the
location on the article 12 where the beam is directed. The
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reflected or backscattered X-rays may be detected by the first
detector 24 and the second detector 26. The X-ray emitting
apparatus 22 and the actuator 30 may cooperate to direct the
focused beam of X-rays toward a plurality of locations on the
surface of the article 12 facing the X-ray emitting apparatus
22 until the entire area of interest has been covered. The
resulting X-ray backscattering data may be transmitted from
the first detector 24 and the second detector 26 to the process-
ing apparatus 28, which may then create and/or analyze an
X-ray backscattering image of the article 12.

The system 10 may operate in a manner distinctly different
from conventional X-ray devices, which typically position
the item to be inspected between the X-ray source and the
detector. A relatively broad X-ray beam is often used, and
may image the entire item simultaneously. Such devices may
be unable to readily detect certain features such as fluids or
internal material inconsistencies, particularly where such
inconsistencies are present in a highly X-ray opaque struc-
ture. Conversely, the X-ray backscattering techniques
described herein may focus on a very narrow portion of an
object at a time. Since reflected X-rays (i.e., backscattered
X-rays) are measured, rather than penetrating X-rays, addi-
tional features of the object may be visible such as fluids and
internal material inconsistencies.

Returning to the system 10 of FIG. 2, the X-ray emitting
apparatus 22 may include a variety of components including
an X-ray source 40, a stationary shield 42, and a movable
shield 44. The X-ray source 40 may emit X-rays along a
relatively broad swath. The stationary shield 42 may reflect
and/or absorb the X-rays except for those that are emitted
toward the article 12. The movable shield 44 may have a
plurality of apertures 46.

The movable shield 44 may further reflect and/or absorb
the remaining X-rays except for those that pass through the
aperture 46 that is aligned with the open portion of the sta-
tionary shield 42. The open portion of the stationary shield 42
may be sized such that X-rays are only able to pass through
one of the apertures 46 at a time. The apertures 46 illustrated
in FIG. 2 may be exaggerated in size; the apertures 46 of the
movable shield 44 may in reality be very small so as to permit
the X-rays to exit the X-ray emitting apparatus 22 only in a
focused beam through the aperture 46.

The position of the aperture 46 may determine the vector
along which the X-rays exit the X-ray emitting apparatus 22.
The movable shield 44 may be designed to rotate so that the
aperture 46 that is receiving X-rays is able to move upward or
downward, thereby permitting vertical angulation of the exit
vector of the X-rays (i.e., motion into or out of the page
relative to the top view of FIG. 2). Thus, the movable shield 44
may act as a first actuator that provides for vertical adjustment
of the X-ray impingement location on the article 12. The
configuration and operation of the X-ray emitting apparatus
22 will be shown and described with greater clarity in con-
nection with FIG. 3.

As shown in FIG. 2, one of the aperture 46 may be aligned
with the open portion of the stationary shield 42, and may thus
be positioned to emit X-rays toward the article 12 along a first
vector 50 to a first location 52 on the surface of the article 12
facing the x-ray emitting apparatus 22. Depending on the
X-ray opacity of the material of the article 12 along the first
vector 50 (i.e., at the first location 52 and within the article 12
behind the first location 52), some percentage of the X-rays
may be reflected back toward the system 10.

The X-rays may reflect along a wide range of angles, but by
way of example, a first return vector 54 may reflect from the
first location 52 toward the first detector 24 and a second
return vector 56 may reflect from the first location 52 toward
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the second detector 26. The first detector 24 may detect the
first return vector 54 and the second detector 26 may detect
the second return vector 56. The corresponding X-ray detec-
tion data may be transmitted from the first detector 24 and the
second detector 26 to the processing apparatus 28.

The system 10 may be designed to produce a two-dimen-
sional image of the article 12. Thus, it may be desirable to
adjust the X-ray emitting apparatus 22 to emit X-rays not only
vertically, as described above in connection with the movable
shield 44 above, but also horizontally. The actuator 30 may
accomplish this by providing relative horizontal motion
between the X-ray emitting apparatus 22 and the article 12. In
the embodiment of FIG. 2, this may be accomplished by
moving the X-ray emitting apparatus 22, the first detector 24,
and the second detector 26.

In one example, the actuator 30 may include a mobile
platform to which the X-ray emitting apparatus 22, the first
detector 24, and the second detector 26 are all mounted. For
example, the actuator 30 may include a wheeled platform that
rolls along a surface or along tracks. In the alternative, the
actuator 30 may include a stationary conveyer such as a
conveyer belt or linear actuator that provides the desired
horizontal relative motion. In any case, the movable shield 44
may operate as a first actuator that controls the vertical ori-
entation of the exit vector of the X-rays from the X-ray
emitting apparatus 22, and the actuator 30 may serve as a
second actuator that controls the horizontal origin, and there-
fore destination, of the exit vector. In such an embodiment,
the actuation direction of the actuator 30 is horizontal.

As a result, the movable shield 44 may be actuated (e.g.,
rotated) to move the aperture 46 through which the X-ray
emitting apparatus 22 emits the X-rays, thereby emitting
X-rays toward the article 12 along a second vector 74 (shown
in FIG. 3). The actuator 30 may operate to move the X-ray
emitting apparatus 22, the first detector 24, and the second
detector 26 horizontally so that the X-ray emitting apparatus
22 emits the X-rays toward the article 12 along a third vector
60 to a third location 62 on the surface of the article 12 facing
the X-ray emitting apparatus 22.

Referring to FIG. 3, a side elevation view of the system of
FIG. 2, illustrates the system 10 with the second return vector
56 and the processing apparatus 28 absent to enhance the
clarity of the remaining components. FIG. 3 illustrates the
emission of X-rays at a second location 76 on the article via
the second vector 74. The manner in which this is accom-
plished via the movable shield 44 may also be more clearly
shown.

More particularly, the stationary shield 42 may have the
C-shape shown, or any other shape that absorbs or reflects
X-rays from the X-ray source 40 except for those that are
emitted toward the article 12. X-rays may exit the interior of
the stationary shield 42 through the open portion of the
C-shape. The apertures 46 may be spaced along the circum-
ference of the movable shield 44 so that only one aperture 46
is aligned with the open portion of the C-shape of the station-
ary shield 42 at a time. Thus, when the first detector 24 or the
second detector 26 detects a backscattered X-ray, it will be
from a single known location on the surface of the article 12
that faces the X-ray emitting apparatus 22.

As shown, the aperture 46 aligned with the open portion of
the C-shape of the stationary shield 42 may be at a first
position 70 that permits X-rays to exit the X-ray emitting
apparatus 22 along the first vector 50. The movable shield 44
may then be rotated so that the aperture 46 moves along an
aperture motion direction (i.e., upward) to the second position
72 shown in FIG. 3. In the second position 72, X-rays may
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exit the X-ray emitting apparatus 22 through the aperture 46
along the second vector 74 to impinge against the second
location 76 on the article 12.

The movable shield 44 may rotate continuously along a
single direction if desired. Thus, the open portion of the
C-shape of the stationary shield 42 may be sized relatively
precisely so that as the aperture 46 passes upward out of
alignment with the open portion of the C-shape, a second
aperture 46 of the apertures 46 passes upward, into alignment
with the open portion of the C-shape. This may cause X-rays
to be emitted along a vertical line on the article 12. Simulta-
neously, the actuator 30 may cause the X-ray emitting appa-
ratus 22, the first detector 24, and the second detector 26 to
move relative to the article 12 at constant speed. In this
manner, the surface of the article 12 facing the X-ray emitting
apparatus 22 may receive relatively even exposure to the
X-rays from the X-ray emitting apparatus 22.

In combination with this motion of the movable shield 44
and the actuator 30, the processing apparatus 28 may receive
data from the first detector 24 and the second detector 26 ata
relatively constant time interval. As a result, the processing
apparatus 28 may receive data from each point in a grid that
generally covers the surface of the article 12 that faces the
X-ray emitting apparatus 22, or at least the portion of the
surface that is of interest for inspection purposes. The loca-
tions on the grid where X-ray backscattering data is received
and recorded (including the first location 52, the second loca-
tion 76, the third location 62, and a plurality of additional
locations) may be relatively evenly spaced apart. Known
techniques such as rasterizing may be used to combine this
data into an X-ray backscattering image of the article 12.

The movable shield 44 and the actuator 30 motion
described above are merely exemplary. Those of skill in the
art will recognize that a wide variety of different actuations
may be carried to direct a focused X-ray beam at each point of
a grid on an object. According to one alternative embodiment
(not shown), a movable shield like the movable shield 44 may
have only a single aperture 46, which may move only along an
arc that directs the X-rays only to the portion of the article 12
to be inspected. This may allow the non-use of a stationary
shield like the stationary shield 42.

According to another alternative embodiment (not shown),
an X-ray emitting apparatus may emit X-rays along only a
single vector, but the X-ray emitting apparatus may be mov-
able via a separate actuator, such as a vertical linear actuator.
Thus, the X-ray emitting apparatus may emit X-rays along a
constant, horizontal vector, the origin of which moves hori-
zontally and vertically along the desired grid pattern to direct
the X-rays to cover a corresponding grid pattern on the article
under inspection.

According to another alternative embodiment (not shown),
an X-ray emitting apparatus may be stationary and may emit
X-rays only along a single vector. The X-ray emitting appa-
ratus may be coupled to two angular actuators (one with
vertical angulation and the other with horizontal angulation)
to tilt the X-ray emitting apparatus up and down, and from
side to side, to direct the X-rays in the desired grid pattern.

According to still another alternative embodiment, an
X-ray emitting apparatus may be stationary, but may have two
actuators that control the angle at which X-rays escape the
X-ray emitter. For example, in place of the movable shield 44,
which may have a generally cylindrical shape, such an X-ray
emitting apparatus may have a spherical shield with a single
aperture that can pivot horizontally or vertically to direct the
X-rays emitted along the desired vector.

Alternatively, a shield for such an X-ray emitting apparatus
may have overlapping plates with slots, one vertical and one
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horizontal. The plate with the horizontal slot may move ver-
tically to control the vertical angulation of the emitted X -rays,
while the plate with the vertical slot may move horizontally to
control the horizontal angulation of the emitted X-rays.

Many modifications of the first detector 24, and the second
detector 26 are also possible; they are illustrated as relatively
flat plates in FIGS. 2 and 3, but in alternative embodiments,
could be rounded or shaped differently. Additionally, two
X-ray detectors need not be used; rather, one or more than two
X-ray detectors may be used in alternative embodiments.

The processing apparatus 28 may be any type of device
capable of receiving and processing image data. The process-
ing apparatus 28 may be a microprocessor-based computer,
an ASIC, a terminal connected to a network that provides
processing functionality, or any other known type of comput-
ing apparatus. The processing apparatus 28 may carry out
instructions to receive, record, and process the images via
software, hardware, or any other method known in the art. If
desired, the processing apparatus 28 may also act as a control
system to control the various components of the system 10,
including the X-ray emitting apparatus 22, the first detector
24, the second detector 26, and the actuator 30. The process-
ing apparatus 28 may have programming that automates the
inspection process.

Those of skill in the art will recognize that the system 10
may be modified in numerous other ways. Many more alter-
native embodiments may be conceived with the aid of the
present disclosure.

Referring to FIG. 4, a flowchart illustrates a method 80 for
non-invasively inspecting the internal characteristics of an
article 12 such as a lithium-ion battery through the use of a
system such as the system 10 of FIGS. 2 and 3. In alternative
embodiments, the method 80 may be carried out through the
use of a system (not shown) different from the system 10 of
FIGS. 2 and 3. Alternatively, the system 10 of FIGS. 2 and 3
may be used with a method (not shown) different from the
method 80. The following description will reference the sys-
tem 10 of FIGS. 2 and 3 for clarity.

As mentioned above, the processing apparatus 28 may be
designed to act as a controller for the system 10, and may thus
control the performance of the various steps of the method 80.
Alternatively, a different control system may be used, or the
method 80 may be manually carried out.

The method 80 may start 82 with a step 84 in which the
X-ray emitting apparatus 22 is positioned relative to the
article 12 to be inspected. This step 84 may also entail actu-
ating the movable shield 44 and/or the actuator 30 to position
the X-ray emitting apparatus 22 to emit X-rays along a start-
ing vector, such as the first vector 50 of FIGS. 2 and 3.

In a step 86, the first detector 24 and the second detector 26
may also be positioned. The first detector 24 and the second
detector 26 may be positioned near the article 12 so as to
provide a high probability of receiving reflected X-rays such
as those travelling along the first return vector 54 and the
second return vector 56 in FIG. 2. As also illustrated in FIG.
2, the first detector 24 and the second detector 26 may be
positioned on either side of the X-ray emitting apparatus 22.

In a step 88, the X-ray emitting apparatus 22 may emit
X-rays to afirstlocation on the article 12, such as the emission
of X-rays along the first vector 50 to the first location 52 as
shown in FIG. 2. Then, backscatter from the X-rays emitted
may be detected by the first detector 24 and/or the second
detector 26 in a step 90. This may provide the first data point
for an X-ray backscattering image that may ultimately be
produced through the use of the method 80.

In a step 92, the X-ray emitting apparatus 22 may be
adjusted to emit X-rays at a different location on the article
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12, such as the third location 62 or the second location 76
shown in FIGS. 2 and 3. This be done through the use of the
actuator(s) that control X-ray impingement on the article 12,
for example, the movable shield 44 and the actuator 30. One
or both of the movable shield 44 and the actuator 30 may be
actuated between detection steps. If desired, the movable
shield 44 and the actuator 30 may both move substantially
continuously until scanning is complete.

In a step 93, the X-ray emitting apparatus 22 may emit
X-rays to the different location on the article 12, such as the
emission of X-rays along the third vector 60 to the third
location 62 or along the second vector 74 to the second
location 76 shown in FIGS. 2 and 3. Then, backscatter from
the X-rays emitted may be detected by the first detector 24
and/or the second detector 26 in a step 94. This may provide
another point for the X-ray backscattering image.

Then, in a query 96, the method 80 may determine whether
scanning of the article 12 is complete. This may entail deter-
mining whether the X-rays have been directed at each loca-
tion (for example, each grid point) on the surface of the article
12 to be inspected.

If scanning is not complete, the step 92, the step 93, and the
step 94 may be repeated by adjusting the X-ray emitting
apparatus 22, emitting X-rays at the new location on the
article 12, and detecting backscatter from the emitted X-rays.
Each iteration of the step 92, the step 93, and the step 94 may
generate one or more additional data points for the X-ray
backscattering image.

Once scanning is complete, the X-ray backscattering
image may be created. This may be done by the processing
apparatus 28, or through the use of a different data processing
system. According to one example, the X-ray backscattering
image is created by rasterizing the X-ray backscattering data
in the processing apparatus 28 to form the image. This may be
done, for example, by assigning a value to each pixel orregion
of an image based on the intensity of X-ray backscattering
detected at the corresponding location on the article 12.

Once the X-ray backscattering image has been obtained,
the X-ray backscattering image may be analyzed to form
conclusions regarding the internal characteristic(s) of the
article 12 that are to be inspected. Inspection may be done
manually, for example, by an operator of the system 10 who
receives the X-ray backscattering image, looks for certain
features that are or are not desired, and records an evaluation
of'the internal characteristic(s) of the article 12. Alternatively,
the inspection may be done automatically, for example,
through the use of a computing system. According to one
embodiment, automated inspection may be done by the pro-
cessing apparatus 28.

Referring to FIG. 5, a representation of an X-ray backscat-
tering image 100 is shown that, by way of example, may be
produced with the system 10 of FIGS. 2 and 3 and/or the
method 80 of FIG. 3. The X-ray backscattering image 100 has
dark areas and light areas. The article 12 may have a housing
(e.g., the housing 14 of the lithium-ion battery of FIG. 1) that
has a relatively uniform thickness and material consistency,
and hence, a relatively uniform X-ray opacity. Thus, the light
areas may represent internal features that are generally more
X-ray opaque. Light areas may indicate the presence of fluids,
materials of relatively high density and/or X-ray opacity, or
the like.

Many different internal characteristics may be inspected.
Two of these are particularly pertinent to batteries, and more
particularly to lithium-ion batteries. One of these key internal
characteristics may be the level of electrolyte within the bat-
tery. The electrolyte may be in liquid form, and may thus be
difficult or impossible to view with conventional X-ray tech-
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nology. A level of electrolyte that is too high or too low may
indicate that the battery is no longer fully functional. A sec-
ond key internal characteristic for batteries may be the con-
sistency of a material within the battery, such as a lithium
material.

Both of these characteristics may be observed by analyzing
an X-ray backscattering image like the X-ray backscattering
image 100 of FIG. 5. For example, an electrolyte level 102 of
the battery may be determined by measuring the relatively
bright patches at the sides of the image. The top surface of the
electrolyte may be clearly visible as the relatively bright patch
transitions to a relatively dark area.

As another example, a material 104 within the battery may
also be observed. If the central region of the X-ray backscat-
tering image 100 has anomalies such as unexplained voids
(dark patches), unexplained aggregations of X-ray opaque
material (bright patches), or the like, it may indicate that the
material 104 has begun to degrade. Those of skill in the art
will recognize that many other internal characteristics of a
battery or other article 12 may be inspected via analysis of an
X-ray backscattering image such as the X-ray backscattering
image 100. If desired, the article to be inspected may have a
serial number or other marking designed to be visible in the
X-ray backscattering image to allow easy reference and
recording of the results of the inspection.

Many different methods may be used to perform the step 98
of analyzing an X-ray backscattering image such as the X-ray
backscattering image 100. Visual analysis may be performed
by a user to examine the features shown such the electrolyte
level 102 and the material 104. Alternatively, computer-
implemented methods may be used to automatically perform
the analysis, for example, in the processing apparatus 28, with
similar techniques or other techniques known in the art of
digital image analysis.

In the above description, certain terms may be used such as
“up,” “down,” “upper,” “lower,” “horizontal,” “vertical,”
“left,” “right,” “over,” “under” and the like. These terms are
used, where applicable, to provide some clarity of description
when dealing with relative relationships. But, these terms are
not intended to imply absolute relationships, positions, and/or
orientations. For example, with respect to an object, an
“upper” surface can become a “lower” surface simply by
turning the object over. Nevertheless, it is still the same
object. Further, the terms “including,” “comprising,” “hav-
ing,” and variations thereof mean “including but not limited
to” unless expressly specified otherwise. An enumerated list-
ing of items does not imply that any or all of the items are
mutually exclusive and/or mutually inclusive, unless
expressly specified otherwise. The terms “a,” “an,” and “the”
also refer to “one or more” unless expressly specified other-
wise. Further, the term “plurality” can be defined as “at least
two.”

Additionally, instances in this specification where one ele-
ment is “coupled” to another element can include direct and
indirect coupling. Direct coupling can be defined as one ele-
ment coupled to and in some contact with another element.
Indirect coupling can be defined as coupling between two
elements not in direct contact with each other, but having one
or more additional elements between the coupled elements.
Further, as used herein, securing one element to another ele-
ment can include direct securing and indirect securing. Addi-
tionally, as used herein, “adjacent” does not necessarily
denote contact. For example, one element can be adjacent
another element without being in contact with that element.

Asusedherein, the phrase “atleast one of””, when used with
a list of items, means different combinations of one or more of
the listed items may be used and only one of the items in the
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list may be needed. The item may be a particular object, thing,
or category. In other words, “at least one of” means any
combination of items or number of items may be used from
the list, but not all of the items in the list may be required. For
example, “at least one of item A, item B, and item C” may
mean item A; item A and item B; item B; item A, item B, and
item C; or item B and item C. In some cases, “at least one of
item A, item B, and item C” may mean, for example, without
limitation, two of item A, one of item B, and ten of item C;
four of item B and seven of item C; or some other suitable
combination.

The present subject matter may be embodied in other spe-
cific forms without departing from its spirit or essential char-
acteristics. The described embodiments are to be considered
in all respects only as illustrative and not restrictive. All
changes which come within the meaning and range of equiva-
lency of the claims are to be embraced within their scope.

What is claimed is:

1. A system comprising:

an X-ray source positioned to emit X-rays to a first location
on an article of which at least a first internal character-
istic is to be inspected;

a first actuator coupled to at least one of the X-ray source
and the article to cause the X-ray source to emit X-rays
to a second location on the article;

a first X-ray detector positioned to detect backscattering of
the X-rays from the first location and the second loca-
tion; and

a processing apparatus connected to receive X-ray detec-
tion data from the first X-ray detector, wherein the pro-
cessing apparatus uses the X-ray detection data to form
an X-ray backscattering image indicating X-rays back-
scattered from the first location and the second location;

wherein the X-ray backscattering image shows the first
internal characteristic;

wherein the article comprises a battery; and

wherein the first internal characteristic is selected from a
group consisting of an electrolyte level within the bat-
tery and a material consistency within the battery.

2. The system of claim 1, further comprising a second
actuator coupled to at least one of the X-ray source and the
battery to cause the X-ray source to emit X-rays to a plurality
of additional locations on the battery such that the first loca-
tion, the second location, and the plurality of additional loca-
tions cooperate to define a grid covering at least a portion of
a surface of the battery that faces the X-ray source.

3. The system of claim 2, wherein the first actuator com-
prises a shield positioned at least partially between the X-ray
source and the battery, the shield comprising a first aperture,
wherein the shield is movable along an aperture motion direc-
tion relative to the X-ray source to position the first aperture
at a first position in which X-rays emitted by the X-ray source
pass through the first aperture along a first vector, and a
second position in which the X-rays emitted by the X-ray
source pass through the aperture along a second vector.

4. The system of claim 3, wherein the second actuator urges
relative motion between the battery and the X-ray source
along an actuation direction substantially perpendicular to the
aperture motion direction.

5. The system of claim 1, further comprising a second
X-ray detector positioned to detect backscattering of the
X-rays from the first location and the second location,
wherein the X-ray source is positioned generally between the
first detector and the second detector.

6. The system of claim 1, wherein the processing apparatus
comprises a computing system programmed to analyze the
X-ray backscattering image and, based on results of analyz-
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ing the X-ray backscattering image, indicate to a user at least
one of the electrolyte level, and the material consistency.

7. The system of claim 1, wherein the X-ray backscattering
image further shows a second internal characteristic compris-
ing another of the group consisting of the electrolyte level
within the battery and the material consistency within the
battery.

8. A method comprising:

positioning an X-ray source proximate to an article of

which at least a first internal characteristic is to be
inspected;

positioning a first X-ray detector proximate the article;

emitting X-rays from the X-ray source along to a first

location on the article;

detecting backscattering of the X-rays from the first loca-

tion with the first X-ray detector;

receiving X-ray detection data from the first X-ray detector

in a processing apparatus; and

using the X-ray detection data to form an X-ray backscat-

tering image indicating X-rays backscattered from the
first location;

wherein the X-ray backscattering image shows the first

internal characteristic;

wherein the article comprises a battery; and

wherein the first internal characteristic is selected from a

group consisting of an electrolyte level within the bat-
tery and a material consistency within the battery.

9. The method of claim 8, wherein the battery is a lithium-
ion battery.

10. The method of claim 8, further comprising, after emit-
ting the X-rays from the X-ray source to the first location,
using a first actuator coupled to at least one of the X-ray
source and the battery to cause the X-ray source to emit
X-rays to a second location on the battery.

11. The method of claim 10, further comprising using a
second actuator coupled to at least one of the X-ray source
and the battery to cause the X-ray source to emit X-rays to a
plurality of additional locations on the battery such that the
first location, the second location, and the plurality of addi-
tional locations cooperate to define a grid covering at least a
portion of a surface of the battery that faces the X-ray source.

12. The method of claim 11, wherein the first actuator
comprises a shield positioned at least partially between the
X-ray source and the battery, the shield comprising a first
aperture, wherein using the first actuator to cause the X-ray
source to emit X-rays to the second location on the battery
comprises moving the shield along an aperture motion direc-
tion relative to the X-ray source to position the first aperture
ata second position in which the X-rays emitted by the X-ray
source pass through the aperture along a vector oriented
toward the second location.

13. The method of claim 12, wherein using the second
actuator to cause the X-ray source to emit X-rays to a plurality
of additional locations comprises urging relative motion
between the battery and the X-ray source along an actuation
direction substantially perpendicular to the aperture motion
direction.

14. The method of claim 8, further comprising detecting
backscattering of the X-rays from the first location with a
second detector, wherein the X-ray source is positioned gen-
erally between the first detector and the second detector.

15. The method of claim 8, wherein the processing appa-
ratus comprises a computing system, the method further com-
prising:

analyzing the X-ray backscattering image with the com-

puting system; and
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based on results of analyzing the X-ray backscattering
image, indicating to a user at least one of the electrolyte
level, and the material consistency.

16. The method of claim 9, wherein the X-ray backscatter-
ing image further shows a second internal characteristic com-
prising another of the group consisting of the electrolyte level
within the battery and the material consistency within the
battery.

17. A system comprising:

an X-ray source positioned to emit X-rays along a first
vector to a first location on a battery of which at least a
first internal characteristic is to be inspected;

a first actuator coupled to at least one of the X-ray source
and the battery;

a second actuator coupled to at least one of the X-ray
source and the battery, wherein the second actuator
cooperates with the first actuator to cause the X-ray
source to emit X-rays to a plurality of locations on the
battery, the plurality of locations defining a grid cover-
ing at least a portion of a surface of the battery that faces
the X-ray source;

a first X-ray detector;

a second X-ray detector, wherein the first and second X-ray
detectors cooperate to detect backscattering of the
X-rays from the plurality of locations; and

a processing apparatus connected to receive X-ray detec-
tion data from the first and second X-ray detectors,
wherein the processing apparatus uses the X-ray detec-
tion data to form an X-ray backscattering image indicat-
ing X-rays backscattered from the plurality of locations;

wherein the X-ray backscattering image shows the first
internal characteristic;

wherein the first internal characteristic is selected from a
group consisting of an electrolyte level within the bat-
tery and a material consistency within the battery.

18. The system of claim 17, wherein the first actuator
comprises a shield positioned at least partially between the
X-ray source and the battery, the shield comprising a first
aperture, wherein the shield is movable along an aperture
motion direction relative to the X-ray source to determine a
vector at which X-rays emitted by the X-ray source pass
through the first aperture, wherein the second actuator urges
relative motion between the battery and the X-ray source
along an actuation direction substantially perpendicular to the
aperture motion direction.

19. The system of claim 18, wherein the processing appa-
ratus comprises a computing system programmed to analyze
the X-ray backscattering image and, based on results of ana-
lyzing the X-ray backscattering image, indicate to a user at
least one of the electrolyte level, and the material consistency,
wherein the X-ray backscattering image further shows a sec-
ond internal characteristic comprising another of the group
consisting of the electrolyte level within the battery, and the
material consistency within the battery.

20. A system comprising:

an X-ray source positioned to emit X-rays to a first location
on an article of which at least a first internal character-
istic is to be inspected;

a stationary shield comprising an open portion through
which X-rays from the X-ray source pass;

amovable shield coupled to at least one of the X-ray source
and the article to cause the X-ray source to emit X-rays
to a second location on the article, the movable shield
comprising at least one aperture through which X-rays
passing through the open portion of the stationary shield
pass;
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a mobile platform movable relative to the article to cause
the X-ray source to emit X-rays to a third location on the
article, the X-ray source, stationary shield, and movable
shield being mounted to the mobile platform;

afirst X-ray detector positioned to detect backscattering of 5
the X-rays from the first location, the second location,
and the third location; and

a processing apparatus connected to receive X-ray detec-
tion data from the first X-ray detector, wherein the pro-
cessing apparatus uses the X-ray detection data to form 10
an X-ray backscattering image indicating X-rays back-
scattered from the first location, the second location, and
the third location;

wherein the X-ray backscattering image shows the first
internal characteristic; 15

wherein the article comprises a battery; and

wherein the first internal characteristic is selected from a
group consisting of an electrolyte level within the bat-
tery and a material consistency within the battery.

21. The system of claim 20, wherein the movable shield 20
moves in a first direction and the mobile platform moves in a
second direction, the first direction being perpendicular to the
second direction.

22. The system of claim 1, wherein the battery is a lithium-
ion battery. 25



